We have detected a clear magnetic anisotropy in the temperature and field dependent Mn L 2,3 magnetic circular dichroism (MCD) spectra of 28Å wide paramagnetic manganese oxide nanostripes, which we relate to the presence of a largely unquenched orbital moment revealed by MCD sum rule analysis. Polarization, angle, and temperature dependent linear dichroism spectra indicate that the observed anisotropy is related to a depletion of 3d states with m l = ±2 orbital quantum number in the ground state of the paramagnetic system. Strongly anisotropic electrostatic coupling provides an internal source of spatial symmetry breaking which might generally yield paramagnetic anisotropy phenomena in 3d oxide nanostructures.
We have detected a clear magnetic anisotropy in the temperature and field dependent Mn L 2,3 magnetic circular dichroism (MCD) spectra of 28Å wide paramagnetic manganese oxide nanostripes, which we relate to the presence of a largely unquenched orbital moment revealed by MCD sum rule analysis. Polarization, angle, and temperature dependent linear dichroism spectra indicate that the observed anisotropy is related to a depletion of 3d states with m l = ±2 orbital quantum number in the ground state of the paramagnetic system. Strongly anisotropic electrostatic coupling provides an internal source of spatial symmetry breaking which might generally yield paramagnetic anisotropy phenomena in 3d oxide nanostructures. Orbital degrees of freedom play a crucial role in determining the magnetic and electric response of transition metal oxides with incomplete orbitally degenerate e g /t 2g shells and strong Coulomb interactions, such as in manganese oxides and other perovskite compounds. [1] [2] [3] This can be understood by considering the key concept of orbital ordering 4 and its implications on charge transport and magnetic interactions intensively explored in manganites. [1] [2] [3] [4] [5] In orbitally ordered states, orbitals with specific symmetry are selectively occupied at different atomic sites, thus determining the wave function overlap. This influences hopping amplitudes and bandwidths, on one side, but also the magnitude and the sign of various exchange and superexchange interactions governed by virtual charge hopping processes and summarized by the Goodenough-Kanamory-Anderson rules, 6 as well as ferromagnetic (FM) double exchange interactions between itinerant e g electrons. As a result, connected with a particular orbitally ordered state, one can get a ferromagnetic or antiferromagnetic (AFM) insulator or even a FM metal with spin polarized charge carriers. [1] [2] [3] [4] For these reasons, the so-called orbital physics has nowadays risen among the most important areas of research in condensed matter physics. [1] [2] [3] [4] We notice that, within this wide field of research, most of the work has been naturally concentrated on the magnetically ordered phases, either AFM or FM, in orbitally ordered systems. [1] [2] [3] [4] [5] [6] Indeed, there has been only a very small number of papers focused on orbital properties of the paramagnetic phase in orbitally ordered compounds. 7, 8 Moreover, the latter studies were essentially centered on the relative importance of electronic Kugel-Khomskii versus electron-lattice Jahn-Teller interactions 7, 8 as a driving force for orbital order onset, rather than on the importance and the role of the paramagnetic phase itself, which is instead central in the present Rapid Communication. A large amount of theoretical and experimental work has been also done so far to find out how to control orbital ordering by tuning interfacial lattice strain in thin films and multilayers, [9] [10] [11] [12] [13] while submonolayer paramagnetic nanostructures remain to date yet largely unexplored. This is especially true at the experimental level where doubly challenging issues simultaneously involving strict control of atomic structures at the nanometer length scale and unambiguous analysis of very weak orbital signals from nanoscopic and magnetically disordered systems have to be severely faced.
In this Rapid Communication we show that a strong magnetic anisotropy exists in the paramagnetic phase of 3d manganese oxide nanostructures, which we relate to the onset of large field-induced orbital moments connected to the presence of a substantially unquenched orbital moment and strong anisotropic electrostatic coupling. [14] [15] [16] [17] [18] To this purpose, we have directly measured the orbital magnetization of in situ prepared 28Å wide c(4 × 2) Mn 3 O 4 /Pd (1, 1, 21) nanostripes, using magnetic field, temperature, and polarization dependent x-ray absorption (XAS) experiments performed at the ID08 beam line of ESRF, where low cryogenic temperatures, strong magnetic fields, fully polarized x-ray beams, and molecular beam growth facilities are all available on the spot. Manganese oxide samples were grown and characterized in situ by low-energy electron diffraction (LEED), which gives unambiguous identification of c(4 × 2) Mn 3 O 4 /Pd (1, 1, 21) nanostripe formation, as demonstrated in previous dedicated studies (see Refs. 19 and 20) . For a reproducibility check, different samples were grown in situ at a base pressure of 3 × 10 −10 mbar at T = 300 • C. We focused our study on c(4 × 2) Mn 3 O 4 /Pd (1, 1, 21) nanostripes for two main reasons. First, they represent an orbitally active system evocative of the much studied bulk manganites. Second, following well established preparation procedures for the growth of the Mn 3 O 4 monolayer phase on stepped Pd(100), 19, 20 we are able to reproducibly accommodate on the (100) terraces of a Pd (1, 1, 21) vicinal surface up to four c(4 × 2) manganese oxide unit cell rows, which grow as virtually defect-free single domain nanostripes over lengths of ∼100 nm, as shown by the scanning tunneling microscopy (STM) images displayed in Figs. 1(a) and 1(b) and by the sharp LEED pattern in Fig. 1 The combination of magnetic circular dichroism (MCD) with cryogenic temperatures and strong external magnetic fields provided us with a unique chemically selective tool to directly probe orbital anisotropy phenomena in paramagnetic oxide nanostructures, which would be hardly accessible by most other standard techniques. The experimental MCD method we used is summarized in Fig. 2 . An external magnetic field is applied along a direction parallel to the wave vector of the circularly polarized photons [see the insets in Figs. 2(a) and 2(b)]. By rotating the sample, two main experimental geometries are selected, namely, a θ = 0 normal incidence geometry, with photon wave vector and external field both parallel to the surface normal, and a θ = 70
• grazing geometry, with both photon wave vector and external field almost perpendicular to the sample surface normal. Mn L 2,3 MCD spectra are then recorded by total electron yield, measuring the sample drain current in these two geometries for different temperature values within the 8-300 K range, with both right-(μ + ) and left-handed (μ − ) circular polarization of the photons and with the external field direction alternatively flipped between parallel and antiparallel to the wave vector direction. This enabled us to study the temperature and polarization dependent field-induced magnetization of our manganese oxide nanostripes, as shown in Fig. 2 : Mn L 2,3 absorption spectra recorded at low temperature and in a high magnetic field exhibit a strong MCD signal, which vanishes by either increasing the sample temperature or by lifting the external field (not shown).
In Fig. 3(a) we summarize the experimental data collected at θ = 0 as a function of the sample temperature and the applied external magnetic field. Each set of data points in Fig. 3 has been collected by measuring the absolute value of the MCD signal at a fixed photon energy (hν = 641.9 eV). Figure 3 (a) provides the temperature dependent magnetization of the measured sample. The experimental data points are selfconsistently fitted with a Brillouin function (continuous line in Fig. 3) . From the fitting procedure, the saturation value of the magnetization is obtained and used as a normalization factor to properly compare different data sets at various temperatures. The data in Fig. 3(a) show the total absence of any hysteresis loop. Therefore, the c(4 × 2) Mn 3 O 4 /Pd (1, 1, 21) nanostripes are certainly paramagnetic, at least in the 8-300 K temperature range.
In Fig. 3(b) we report the magnetization induced by the external field at T = 8 K in the θ = 0 and θ = 70
• experimental geometries. We notice that at θ = 0 the sample susceptibility, which is equal to the derivative of the magnetization with respect to the field at the origin in the plots of Fig. 3 , is systematically higher than the corresponding value measured at θ = 70
• . This shows unambiguously that the sample is most easily magnetized when the external field is applied perpendicular rather than parallel to the surface. Therefore, the data in Fig. 3(b) clearly highlight the presence of a strong uniaxial anisotropy in a fully paramagnetic nanostructured system, the origin of which cannot be traced back to dipoledipole magnetic interactions (which would favor an in-plane alignment of the magnetization) but, instead, must be searched for in the electrostatic interactions within the system. 18 Regarding the origin of the paramagnetic anisotropy observed in Fig. 3 , we propose the following explanation based on the presence of a strongly unquenched manganese orbital moment due to anisotropic electrostatic interactions and spin-orbit coupling. 15 In general, for a system with an unquenched orbital moment, not only the magnitude of the overall magnetic moment, but, important to our analysis, also the total energy of the system will depend on the angle between the spin and orbital angular momentum vectors. This is due to the spin-orbit interaction that provides the system Hamiltonian with a term equal to λL · S, where λ is the spin-orbit coupling constant, which is positive (negative) for a less (more) than half-filled shell. As a consequence, in the presence of orbital dependent electrostatic interactions and spin-orbit coupling it will be energetically cheaper to saturate the sample magnetization, by means of an applied magnetic field, along a direction parallel to that of orbitals with energy lowered by anisotropic electrostatic interactions. Therefore, the magnetic anisotropy observed in Fig. 3(b) is consistent with the onset of orbital anisotropy along a direction close to the sample surface normal.
In order to check the validity of the above scenario, we have performed a MCD sum rule analysis of the L 2,3 edge spectra following the method outlined in Ref. 22 . The validity of the spin sum rule is in general questionable in the case of Mn compounds, since the spin-orbit interaction is not large enough compared to the Slater integrals to prevent transfer of spectral weight between the L 2 and L 3 XAS lines, and one should also evaluate the dipole contribution. Moreover, both the spin and orbital moment sum rules depend on the between the orbital and the effective spin magnetic moment, thus experimentally obtaining a parameter that is independent on the number of d holes, which indeed cancel out in the m orb /m spin ratio. In our MCD experiment, the m orb /m spin ratio thus provides a quantitative measure of the projection of the orbital moment along the direction of the field, which we have compared with the corresponding values reported for other manganese oxide compounds. We thus found the values m orb /m spin = 0.08 and m orb /m spin = 0.05 for θ = 0 and θ = 70
• , respectively. The former is significantly larger than the corresponding ratio reported for other manganese oxide compounds (m orb /m spin = 0 and m orb /m spin = 0.007 in Mn 2+ and Mn 4+ compounds, 23 respectively), thus clearly indicating the presence of a strongly unquenched orbital moment in our sample. Moreover, the substantial reduction of m orb /m spin observed at θ = 70
• as compared to the θ = 0 geometry convincingly corroborates the conclusion that the magnetically induced orbital moment vector preferentially aligns along the sample surface normal. These results are thus fully coherent and definitively support the above interpretation of the magnetic anisotropy reported in Fig. 3(b) as due to the onset of strong orbital anisotropy.
For a deeper understanding of the observed orbital anisotropy we have additionally performed temperature, polarization, and angle dependent XAS experiments at zero magnetic field as a function of the relative orientation between the direction of the linear polarization of x rays and the sample crystallographic axes, as sketched in the insets of Figs. 4(a) • experimental geometries and for any considered sample temperature, linearly polarized XAS spectra were collected either immediately prior to or immediately after the recorded MCD spectra. At normal incidence (θ = 0) and in the full temperature range between 8 K [ Fig. 4(a) ] and 300 K [ Fig. 4(c) ], the spectra obtained by aligning the linear light polarization either parallel or perpendicular to the nanostripes show very small differences, meaning that, despite the elongated shape of the nanostripes, 3d states basically remain isotropic in the plane of the sample. On the contrary, large spectral variations can be observed within the full 8-300 K temperature range when the sample is tilted (θ = 70
• ) and the light polarization rotated from in plane to out of plane . LD data thus seem to suggest that the large magnetic anisotropy that we observe should be associated with this preferential population of m l = 0,±1 orbitals. Remarkably, increasing the temperature even up to 300 K does not qualitatively change this situation, as demonstrated by the LD signal in Fig. 4(d) , which still displays a negative integral.
The evidence provided by the above MCD and LD data can be consistently interpreted within a model that considers the effects of the crystal field acting on the Mn cations in the Mn-O nanostripe, where Mn vacancies hole dope the 3d states, thus yielding a less than half-filled shell. The tetragonal crystal field removes the degeneracy of the 3d shell, resulting in a preferential depletion of m l = ±2 states and in a hole ground state given by (|m l = 2 − |m l = −2 ) / √ 2. 24 Indeed, it can be shown that such a hole ground state determines perpendicular magnetic anisotropy in systems characterized by a less than half-filled 3d shell and, consequently, by a spin-orbit coupling constant λ > 0. 24 The above model, which is uniquely based on the local Mn ion symmetry and is not influenced by possible screening effects by the metal substrate, shines more light on the physical mechanism underlying the perpendicular magnetic anisotropy evidenced by the MCD spectra. It provides additional support to the conclusion that, in the observed magnetic anisotropy, a central role is played by the partial depletion of the 3d shell induced by hole doping via Mn vacancies in the Mn-O nanostripes.
Based on Van Vleck's original concept of orbital valence, 14 according to which strongly anisotropic electrostatic coupling between angular momenta depends not only on the orientation of the atomic orbital angular momentum vectors relative to each other but also on their orientation relative to the axis joining the involved atoms, we suggest that the above results point towards potentially different opportunities in orbital physics of magnetically disordered systems, with possible implications extending into much wider fields of magnetotransport research where orbital interactions are normally neglected in favor of magnetic exchange interactions. Indeed, orbital anisotropy phenomena in paramagnetic nanostructures may provide an internal source of spatial symmetry breaking that can substantially affect magnetotransport properties in systems and devices based on the onset of unidirectional anisotropy mechanisms traditionally driven by direct exchange interactions at the interface between magnetically ordered compounds. More in general, paramagnetic orbital anisotropy may play a yet unnoticed role in systems undergoing a cooling treatment starting from above the magnetic ordering critical temperature, i.e., from the paramagnetic phase.
